ABSTRACT An internal and marginal fit between prosthesis and abutment is an important factor of the durability of dental prosthesis. In this paper, we have proposed the use of swept-source optical coherence tomography (OCT) as a novel application for non-ionized and high-resolution measurements of internal and marginal discrepancies at anatomically critical four points, such as occlusal, angle, axial, and margin during prosthesis attachment. A tooth model was fabricated by a 3D printing technique, and the dental prosthesis was designed using dental CAD software. The cross-sectional images along with intensity peak profile analysis of the sample were acquired using the OCT system for measurements of fit. The demonstrated qualitative and quantitative evaluations can be well-utilized for assessment of the internal and marginal fit of dental prosthesis.
I. INTRODUCTION
Recent cases of dental caries are constantly rising due to constantly changing food habits and unhealthy practices and lack of oral hygiene [1] - [3] . In such cases, prosthetic treatment is performed, which is a widely accepted and practice treatment. In case of serious dental caries, extraction of an infected tooth has become unavoidable circumstances [4] , [5] . Also, a tooth loss can be caused by periodontal disease. The dental procedures using prosthesis is widely conducted in dentistry. As shown in Figure 1 , the infected tooth is removed by dental drill remaining the part of abutment. And the prosthesis is customized considering occlusal condition and injected teeth of patient. Finally, the prosthesis and abutment are bounded using the dental cement. In this procedure, the condition of internal gap between prosthesis and abutment is very important factor when it comes to patients' point of concern. Main factors affecting the durability of dental prosthesis are by factors such as internal and marginal fit [6] , [7] . If internal and marginal fit are poor, the dental prosthesis is exposed to oral environment, where viruses and foreign substance penetrate between the tooth and the dental prosthesis [8] , [9] . As a result, secondary dental caries or periodontal disease can be caused by these cases [10] . For the evaluation of internal and marginal fit, internal and marginal discrepancies are measured due to large dimensions of internal and marginal discrepancies [11] , [12] . If the internal and marginal discrepancies of the prosthesis increase during the manufacturing process, the thickness of the prosthesis becomes relatively thin. This can be a fracture due to strong occlusal force [13] .
There are a lot of evaluation methods for internal and marginal fit, and one of them is the shearing off the dental prosthesis after equipped with a tooth model [14] . In this case, after the dental prosthesis is fixed to the tooth model by epoxy or dental plaster, it is sheared by a shearing device. And then, the internal and marginal discrepancies of a shearing plane are measured using an optical microscope. This method has advantages when the internal and marginal discrepancies are visible directly, but has several disadvantage, such as large time consumption and destruction of dental prosthesis and tooth model [15] . Some studies were conducted using a silicone replica technique [16] , [17] . After the internal structure of dental prosthesis is filled with lightbody silicone, it is pressured to the tooth model in the major axis direction. Next, the light-body silicone is reinforced by heavy-body silicone. After this silicone replica is removed, the internal and marginal discrepancies of a cutting plane are measured using an optical microscope [18] . This method prevents destruction of dental prosthesis, however if there is a tearing or deforming on silicone, it is difficult to measure internal and marginal discrepancies accurately [19] . As a result of development of software programs which analyze geometric form of a tooth or dental prosthesis, we can assess an internal and marginal fit of dental prosthesis using 3D scanner [20] . After 3D scan data of a tooth model and a dental prosthesis were obtained using 3D scanner, the 3D scan data are superimposed by 3D analysis software program. The internal and marginal discrepancies are measured by the superimposed 3D scan data [21] , [22] . Nevertheless, 3D scan data are unable to concern about tearing or deforming in comparison with silicone replica technique. Also, transmission or storage of data of a tooth model and dental prosthesis are convenient [23] , but error of measurement is caused by 3D scanner or process of superimposition using 3D analysis software program [24] . Another non-destructive assessment of an internal and marginal fit is analysis of two dimensionally imaged data obtained by Micro-CT [25] , which enables measurements of internal and marginal discrepancies along with. three dimensional data [26] . However, the resolution of Micro-CT is poor compared to a microscope also there is a risk of exposure of radioactivity. OCT has gained an enormous interest in the dentistry field due to the high-resolution, non-destructive, and non-ionizing inspection capability [27] - [29] . Due to these advantages using OCT system, various studies have been reported in dentistry for the investigation of dental caries and defects [30] - [32] . Also, quantitative evaluation using OCT have been reported such as dental abfraction, adaptation of veneers cementation and composite restoration [33] - [35] .
In this study, internal and marginal discrepancies were measured using SS-OCT. The acquired 2D-OCT images were utilized for the quantitative evaluations of internal and marginal discrepancies using a software program coded by MATLAB. The conceptual breakthrough of this study is the non-destructive OCT assessments based qualitative and quantitative confirmations obtained for internal and marginal fit along with gap information between dental prosthesis and 3D printed abutment, which are an important factor of the durability of dental prosthesis. Although evaluations of the marginal fit at implant-abutment interface and composite inlay using OCT were reported, qualitative and quantitative confirmations obtained for internal and marginal fit along with gap information is yet to be demonstrated.
II. MATERIALS AND METHODS

A. SAMPLE PREPARATION
The study model was designed in accordance with a master model (Frasaco GmbH, Tettnang, Germany) of the first molar in the upper left jaw. The margin was removed with a depth of 1.2 mm in the Chamfer form and the angle of the adjacent surface was set at 6 • . The study model was scanned using a model scanner (FREEDOM HD , DOF, Seoul, South Korea) and extracted with a stereolithography (STL) file. The study model was fabricated by 3D printer (ZENITH, Dentis, Daegu, South Korea) that uses STL file and dental prosthesis was designed using dental CAD software (Exocad, Exocad GmbH, Darmstadt, Germany). The setting values of the following input variables were given in the dental CAD software: cement space (40 µm), and coping thickness (500 µm). Zirconia was chosen as a base material for dental prosthesis as per esthetic [36] . The design of the completed prosthesis was transferred to the milling machine (Ceramill Motion 2, Amann Girrbach, Koblach, Austria) and fabricated into the dental prosthesis using the zirconia block (Ceramill Zolid, Amann Girrbach, Koblach, Austria). And then, milled zirconia prosthesis has been sintered in a general sintering process. Figure 2 shows the photograph of abutment and dental prosthesis. The experiment was conducted involving dental prosthesis with study model. The accuracy of 3D printed tooth model of this study does not affect the fit since tooth model was manufactured after taking dental impression similar to clinical practice. Next, a dental prosthesis is designed and manufactured to fit the 3D printed tooth model, and finally, the dental prosthesis is bounded to the patient's tooth. Therefore, in clinical practice, the accuracy of 3D printer affects the fitness of the dental prosthesis. However, the dental prosthesis is bounded to the 3D printed tooth model in this study. Thus, the accuracy of 3D printer doesn't affect the fitness of the dental prosthesis. Although, since the produced 3D printed tooth model were constructed by rapid prototyping and have been precisely studied for accuracy and VOLUME 7, 2019 reproducibility, the tooth models contain a high degree of validity and generally acceptable for clinical utility [37] - [40] . Figure 3 presents a schematic of the system. The SS-OCT system (OCS1310V1, Thorlabs, Newton, NJ, USA) uses a swept laser source, which has a center wavelength of 1300 nm and bandwidth of > 97 nm. The A-scan line rate is 100 kHz and the sensitivity is 105 dB. The system supports 12 mm imaging depth range at 500 MS/s sampling rate. The axial resolution is 16 µm and the lateral resolution is 25 µm in tissue. The samples were placed under the probe of OCT and the two axis translation stages was used for sample movement. The light beam from the swept laser source was split into reference arm and sample arm. The beam into reference arm was reflected by a mirror, and the beam into sample arm was reflected by a sample. Interference signal was occurred by two reflected beams in the fiber coupler. The interference signal was obtained by a balanced photo detector. The obtained signal was digitized using a data acquisition card and reconstructed to 2D image using image processing software [41] . The 2D images with a size of 1000×408 pixels were obtained from samples. The field of view of the sample was 10 mm × 4 mm. The considered refractive index for the axial direction OCT images was 1.00 since the discrepancies were full of air. The OCT system scanned from buccal to lingual, from mesial to distal, and buccal, lingual, mesial, distal, respectively.
B. OCT SYSTEM
C. DESCRIPTION OF INTENSITY PEAK PROFILE ANALYSIS
To evaluate the distance of discrepancies, we obtained an intensity peak profile of the cross-sectional images. For the intensity peak profile analysis, a software program was coded using MATLAB (MathWorks, Natick, MA, USA) to search intensity peak in the depth direction. Since the discrepancies between dental prosthesis and abutment were full of air, there were no reflected light at the sample arm and interference signal was detected. Accordingly, peak to peak of the intensity signal was defined as the distance discrepancies between the dental prosthesis and abutment. The distance of discrepancies was measured by peak to peak of the intensity signal of the intensity peak profile desired position using software program described below. First, the 2D-OCT image is uploaded to the coded MATLAB program. Next, the exact pixel locations (based on x-and y-pixel coordinates) of the region of interest was fed to the program code. The software program obtains arrays of pixel intensity values (between 0-255) in the entire region of interest for the intensity localization of the gap between dental prosthesis and abutment. In order to increase the reliability of the measured values, all the pixel intensity arrays were summed up, averaged, and then normalized by dividing averaged intensity values by the maximum value of the region of interest. Finally, the normalized and averaged intensity profiles were plotted and the peak-to-peak information of each intensity peak profile emphasized the distance between discrepancies. sites on top view images. First, the OCT system scanned from buccal to lingual to measure angle and occlusal discrepancies of buccal site and lingual site. The scanning position of the specimen is shown in Figure 4 (a) and the OCT image for measuring angle and occlusal discrepancies of buccal and lingual sites is shown in Figure 4(b) . Second, the OCT system scanned from mesial to distal to measure angle and occlusal discrepancies of mesial site and distal site. The scan position of specimen is shown in Figure 4 (c) and the OCT image for measuring angle and occlusal discrepancies of mesial and distal sites is shown in Figure 4 provide the dental prosthesis, abutment and the discrepancies between dental prosthesis with abutment also provide angle and occlusal sites. Finally, the specimen was scanned to measure margin and axial discrepancies along with buccal, lingual, mesial, distal sites respectively. The corresponding scanning position of specimen is illustrated in Figure 4 (e) and the OCT image emphasizing the measurements of margin and axial discrepancies is shown in Figure 4(f) .
III. RESULTS
A. 2D OCT IMAGE ANALYSIS OF DENTAL PROSTHESIS ATTACHMENT TO ABUTMENT
B. INTENSITY PEAK PROFILE ANALYSIS OF THE OCT IMAGES
After the OCT images were loaded, the intensity signal of the OCT images was obtained using software program. When the measurement point is fed to the software program, the intensity signal of the corresponding point and the intensity signals of the points before and after to the measurement point was acquired, which were later the three signal intensities were summed up, averaged, normalized, and plotted. The intensities were plotted as peaks and the peak to peak distance of the intensity peak profile was measured using data cursor on the software program. The OCT image for measuring angle and occlusal discrepancies of buccal and lingual sites, mesial to distal sites, and the respective intensity peak profile of the measurement point are shown in Figure 5 . The OCT image for measuring angle and occlusal discrepancies of buccal to lingual sites is shown in Figure 5(a) . The corresponding intensity peak profiles of a measurement point are shown in Figure 5(b) . The OCT image for measuring angle and occlusal discrepancies of mesial to distal sites is shown in Figure 6 (a). The corresponding intensity peak profiles of a measurement point are shown in Figure 6 (b). The OCT image for measuring axial and margin discrepancies of mesial site and the respective intensity peak profile of the measurement point are show in Figure 7 . The OCT image for measuring axial and margin discrepancies of mesial site is shown in Figure 7 (a) and the intensity peak profiles of axial and margin are shown in Figure 7 (b). The intensity peak profiles of margin and axial of buccal, lingual and distal were obtained in the same way. The distance of the discrepancies of the measurement point was measured by obtained peak to peak distance of intensity signal. The results of the preliminary study proposed here were acquired to confirm the potential applicability of OCT as a non-ionized, high-resolution measurement and visualization method for internal and marginal discrepancies of dental prosthesis. Thus, a tooth model contained a high degree of validity and generally acceptable for clinical utility was involved instead of involving large number of specimens. The involvement of multiple specimens can be considered as the secondary procedure, which has to be performed to obtain threshold OCT parameters for the clinical assessments.
C. THE DISTANCE OF DISCREPANCIES MEASURED BY INTENSITY PEAK PROFILE
The distance of discrepancies measured by intensity peak profile is shown in Table 1 . Due to the resolution limitation of the OCT system, the distance of discrepancies was measured using 3 consequent points of the measurement sites to increase reliability of measurement values. In the qualitative analysis, the measurement point was shifted same distance and we obtained the intensity peak profiles of the 3 points of the measurement sites, respectively. Next, the distance of discrepancies of the measurement sites were measured by the intensity peak profiles. After measuring the distance of discrepancies, mean value of the distance of discrepancies were summarized in Table 1 . The mean value of the distance of discrepancies measured in this study showed high distances in the order of occlusal, angle, margin, and axial. This tendency was similar to other literature [42] , [43] .
IV. CONCLUSION
In this study, the distance of discrepancies between dental prosthesis and abutment were measured using OCT. The intensity signal of the measurement point was obtained using software program coded by MATLAB. Since OCT provides high-resolution qualitative information non-destructively, the distance of discrepancies was evaluated without specimen destruction. Moreover, the distance of discrepancies was visualized in real-time owing to the fast acquisition speed of the OCT system. As a result, the measurement of internal and marginal discrepancies using OCT can be proposed as an assessment method for internal and marginal fit of dental prosthesis. Especially in dentistry, Micro-CT has been widely utilized to perform 3D imaging at a high resolution. However, the biologically harmful radiation of the technique limits the clinical applicability. Although the depth penetration of OCT has certain limitations for the clinical utility, OCT has the advantages over Micro-CT by acquiring nondestructive, non-ionized, and high-resolution images similar to Micro-CT technology. The clinical applicability of OCT can be enhanced by using longer wavelengths (1310 nm, 1500 nm, and 1700 nm) based optically enhanced handheld OCT probes, which can simply overcome the aforestated limitations. 
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